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c Mechanical properties of the sorted cells were found by compression testing.
c 69% of cell walls were linear elastic to bursting but only 32% of daughter cells.
c Scars caused mechanical property differences between daughter and mother cells.a r t i c l e i n f o
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To determine the effect of bud scars on the mechanical properties of the walls of Saccharomyces
cerevisiae cells, freshly cultivated stationary phase cells stained with Alexa Fluor 488 conjugated wheat
germ agglutinin were sorted according to the number of bud scars using ﬂuorescence-activated cell
sorting (FACS). The groups were daughter cells with no bud scars, and mother cells separated further by
number of scars (one, two and more than two). Cells with more than three scars were very rare.
Compression testing by micromanipulation was used to determine key mechanical properties of the
sorted cells. For all cells the force and fractional deformation at bursting could be determined. For 69%
of cells overall but only 32% of daughter cells, a large strain mathematical model using a linear elastic
constitutive equation for the wall material could be ﬁtted to force deformation data up to cell wall
failure. For these cells, the wall surface modulus, elastic modulus, initial stretch ratio and strain energy
per unit volume at bursting could be estimated. For the remainder of the cells, the lack of permanent
deformation on repeated compression and release (at deformations not causing bursting) suggested the
cell wall material was non-linear elastic but with no observable plastic behaviour.
This is the ﬁrst report to show directly that bud scars affect the global mechanical properties of
yeast cells and that the important distinction with respect to scars is between daughter and mother
cells. The former were smaller with more elastic walls and a higher mean initial stretch ratio. For cells
for which the model could be ﬁtted, the mean circumferential strain at bursting decreased with scarring
(consistent with stiffer walls) whilst the stress increased. This may be due to the reported absence of
chitin in the walls of daughter cells.
& 2012 Elsevier Ltd. All rights reserved.1. Introduction
Compression testing by micromanipulation has been used to
measure mechanical properties of single Saccharomyces cerevisiae
cells (Mashmoushy et al., 1998; Smith et al., 1998, 2000a, 2000b;
Stenson et al., 2009, 2011). In this technique a single cell isll rights reserved.
x: þ44 121 4145434.
mas).
it, Chemical Engineering &
aboratory, Dr. Homi Bhabha
a Business Park, Malvern,compressed between two ﬂat surfaces and the force required to
deform and burst it and the deformation at bursting measured
directly. However, the bursting force and deformation are not
intrinsic mechanical properties of the cells as they depend on the
measurement method e.g., the speed of compression. Using a
suitable mechanical model of the cell wall, more fundamental
properties such as the cell wall elastic modulus can be derived
(Smith et al., 2000a; Stenson et al., 2009, 2011). In particular,
Stenson et al. (2009) modelled the large strains found in yeast cell
walls at high deformations using a linear elastic cell wall constitu-
tive equation. These workers also used fast compressions so that
time dependent effects such as water loss from cells could be
neglected. This allowed the initial stretch ratio of each cell as well
as its wall elastic modulus to be found. The initial stretch ratio is the
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turgor pressure and is important as it reﬂects the initial strain in the
walls. It was shown that the model ﬁtted force deformation data for
reconstituted dried yeast cells up to cell wall failure (cell bursting).
It was therefore possible to estimate cell wall failure criteria such as
the strain energy per unit wall volume at failure.
Using this method and model, it has been shown that the mean
elastic modulus for rehydrated dried Baker’s yeast cells was
185715 MPa, the mean initial stretch ratio was 1.03970.006, the
mean circumferential stress and strain at failure were 11575MPa
and 0.4670.03, respectively, and the mean strain energy per unit
wall volume at failure was 3073MPa (Stenson et al., 2011).
In all modelling to date, it has been assumed that the yeast cell
wall is homogenous, has uniform thickness and that the wall
thickness to cell radius ratio remains constant (i.e., wall thickness
increases with cell diameter). However, the yeast cell wall is a
continuous three-dimensional elastic structure (Klis et al., 2006;
Lesage and Bussey, 2006) that can vary in composition and structure
depending upon mode of cultivation, growth conditions and cell age
(Aguilar-Uscanga and Francois, 2003; Bitterman et al., 2003; Powell
et al., 2000, 2003; Sinclair et al., 1998; Werner-Washbourne et al.,
1993). It is known that cell walls thicken as batch cultures enter the
stationary phase (Bitterman et al., 2003; Werner-Washbourne et al.,
1993). One aspect of ageing is the appearance of scars in the cell wall
during the budding process by which S. cerevisiae divides. During
cytokinesis a prominent chitinaceous scar forms on the mother cell
(the bud scar, occupying around 1–2% of the cell surface) and a
corresponding birth scar forms on the daughter cell, occupying
around 5% of the surface area (Bitterman et al., 2003; Powell et al.,
2003; Sinclair et al., 1998; Werner-Washbourne et al., 1993). Ageing
in yeast cells is not deﬁned by the chronological lifespan of a cell but
by its replicative age as indicated by the number of these bud scars
on the cell wall (Bitterman et al., 2003; Powell et al., 2003). Although
yeast cells can have as many as 20 bud scars, this study focussed
primarily on cells with up to 3 such scars because cells with more
than this are rare in normal culture. This permitted a comparison
between daughter and mother cells. However, few if any of the cells
could be described as senescent; this was not an ageing study.
Although nano-indentation by atomic force microscopy has
been used to study the local mechanical properties of bud scars
(Arfsten et al., 2010; Touhami et al., 2003) there is no information
on the effect of scarring on overall yeast cell mechanical proper-
ties, which might be important in understanding yeast bioproces-
sing. Compression testing by micromanipulation (Stenson et al.,
2009, 2011) was used for this purpose in this work. However, it is
not possible to identify bud scars on the surface of the cells under
compression with existing equipment. It was therefore necessary
to sort the cells with respect to the number of bud scars, using a
new method, in which scars were stained with Alexa Fluor 488
conjugated wheat-germ agglutinin (WGA-Alexa488) and sorted
using a ﬂuorescence activated cell sorter (FACS). WGA binds
speciﬁcally to N-acetyl-glucosamine, the major component of
chitin present in bud scars but binds only weakly with chitin
elsewhere in the cell wall (Yamamoto et al., 1981). FITC-labelled
WGA has been used previously to study bud scar numbers and
morphology (Bitterman et al., 2003; Chen et al., 2003; Yamamoto
et al., 1981) but WGA-Alexa488 has the advantage of superior
photostability and a greater conjugate ﬂuorescence.2. Materials and methods
2.1. Yeast fermentation and sample preparation
Baker’s yeast (S. cerevisiae; Fermipan Red, DSM Bakery Ingre-
dients, Dordrecht, Holland) was chosen as it has been used inprevious studies. A cell bank was generated to ensure consistency
throughout the study. Yeast cells rehydrated in phosphate buf-
fered saline (PBS) were cultivated on YM agar plates (3 g L1
yeast extract, 3 g L1 malt extract, 5 g L1 peptone and 10 g L1
dextrose) at 30 1C for 24 h. Yeast colonies were harvested, washed
in PBS (Oxoid; pH 7.3 at 25 1C), resuspended in stock solution
(250 g L1 glycerol, 10 g L1 yeast extract, 20 g L1 peptone) and
stored in 1 mL aliquots at 80 1C. Yeast cultures were grown in
40 mL YPD medium (10 g L1 yeast extract, 20 g L1 peptone and
20 g L1 glucose, adjusted to pH 5 using 2 M hydrochloric acid) in
500 mL conical ﬂasks at 30 1C and 260 rpm for 24 h. Flasks were
inoculated with 1 mL of the cell bank. This protocol was designed
to obtain consistent batches of fresh yeast cells having similar
properties throughout the study. Biomass accumulation was
monitored using optical density at 550 nm, dry cell weight by
drying 5 mL samples for at least 12 h at 105 1C and direct cell
counting using a haemocytometer. Cell viability was checked
using methylene blue; a 1:1 mixture of cell suspension and
methylene blue solution (0.2 g L1) was examined by optical
microscopy after 1 min. Cells were harvested during stationary
phase (ca. 24 h), stored in PBS at 4 1C and were used in compres-
sion tests within 48 h. There was no signiﬁcant change in cell
diameter and deformation and force at failure during this time
(data not shown). It was shown that stationary phase samples
contained a relatively low percentage of budded cells (exponen-
tial phase 7972%, stationary phase 1873%), which made these
samples most suitable for compression testing. As described later,
about half the cells in each sample were daughter cells, providing
two roughly equal populations for comparison of daughter and
mother cells.2.2. Cell size and initial stretch ratio measurement by MastersizerTM
Cell size is a parameter required for modelling cell wall
mechanical behaviour. The mean population values found by
compression testing were validated by comparison with cell size
distributions found using a Malvern Mastersizer 2000 (Malvern
Instruments, Worcestershire, UK). Mild sonication was used to
detach daughter cells from budding, stationary phase, mother
cells before analysis. For each sample, 20 mL of cell suspension
were sonicated on ice using a Status US70 probe (Philip Harris
Scientiﬁc, UK) for 30 s at 65% power. 0.5 mL (at ca. 1.2107
cells mL1) were then mixed into 100 mL of water and allowed to
equilibrate for 1 min before the size distribution was determined
(104 measurements). The refractive index of yeast was taken as
1.53 and the absorbance 0.1 (Smith et al., 2000b). Mastersizer
measurements are fundamentally volume distributions. Assum-
ing cells are spheres allows the equivalent spherical diameter of a
cell to be found from its volume. Although the sphericity
assumption may introduce systematic error, this was necessary
for size comparisons with equivalent data from optical micro-
scopy and compression testing.
The initial stretch ratio is the ratio of the cell volume at a given
osmotic pressure to the volume of the cell at zero turgor pressure
(when the internal and external osmotic pressures are equal). It is
a ﬁtted parameter of the modelling. However, it may also be
determined from cell size measurements at different external
osmotic pressures, here by Mastersizer. Nine sodium chloride
solutions of osmotic pressures between 0.4 and 25 MPa were
prepared. 0.5 mL of suspension at ca. 1.2107 cells mL1 were
mixed into each solution in turn and allowed to equilibrate for
1 min before the cell volume distribution was determined (104
measurements). The equipment was cleaned twice with distilled
water between determinations. The mean initial stretch ratio was
determined for the whole population, not cells sorted by number
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by compression testing, as described later.
2.3. Initial stretch ratio measured by visualization chamber
The initial stretch ratio was also measured by direct observation
of the effect of external osmotic pressure changes on individual
cells using a visualization chamber (Berner and Gervais, 1994;
Stenson et al., 2011). The construction and operation of the
visualization chamber is described elsewhere (Stenson et al.,
2011). Yeast cells were ﬁxed to the bottom plate of the chamber
using chitosan (Fluka, Biochemika, Switzerland, No. 22741) which
has been shown to have no detrimental effect on yeast cells
(Champluvier et al., 1989). The top plate of the chamber was placed
in position and the chamber was sealed. Nine sodium chloride
solutions of osmotic pressures between 0.4 and 25 MPa were
prepared and starting from lowest osmotic pressure, the chamber
was ﬁlled with solution and 1 min was allowed for cells to change
volume before the solution was replaced with the next highest in
osmotic pressure. Images were captured through a microscope at
400 magniﬁcation and were analysed to obtain the dimensions of
the cells using a QWin image analyser (Leica Microsystems Ltd,
Milton Keynes, UK). Most cells were approximately prolate ellip-
soids and this was assumed in calculating cell volumes from majorFig. 1. Images of yeast cells stained with Alexa Fluor 488 conjugated wheat germ agg
background. (Images not to scale, magniﬁcation in each case greater than 100 ). (A) Da
two bud scars; and (D) cells with three or more bud scars. It was not always possible t
observable by ﬁne focus changes.and minor axis lengths. Assuming geometric similarity between
uninﬂated (zero turgor) and inﬂated cells, the initial stretch ratio
(ls) of a cell can be calculated from Eq. (1):
ls ¼ V
V0
 1
3
ð1Þ
where V is the volume of cell in PBS and V0 is the volume of the cell
at zero turgor. At external osmotic pressures higher than the point
of zero turgor, cells were presumed to behave as ideal osmometers
obeying the Boyle van’t Hoff relationship (Nobel, 1969). This means
that the volume at zero turgor can be found from a plot of volume
against the reciprocal of the external osmotic pressure, as described
in detail elsewhere (Stenson, 2008; Stenson et al., 2011). The
equivalent spherical diameter was again found from the volume.
Cells with different numbers of scars were not tested inde-
pendently because this is a very time consuming process.2.4. Fluorescent microscopy and cell sorting
2.4.1. Fluorescent microscopy
Bud scars and birth scars were ﬂuorescently labelled using Alexa
Fluor 488 conjugated wheat germ agglutinin (WGA-Alexa-488;
Molecular Probes, Inc; excitation 495 nm and emission 519 nm).lutinin captured by ﬂuorescent microscopy with low intensity visible light in the
ughter cells having only a birth scar; (B) cells with a single bud scar; (C) cells with
o capture a clear image of all scars present on the surface of a cell but these were
R.D. Chaudhari et al. / Chemical Engineering Science 84 (2012) 188–196 191A volume of 1 mL of yeast cell suspension in PBS was incubated
with 13 mL of WGA-Alexa 488 (1 mgmL1) at room temperature in
the dark for 60–90 min with and gentle mixing every 15 min.
Before use, cells were washed with PBS at least twice to re-
move excess dye. Cells were visualised by ﬂuorescent microscopy
(Leica Microsystems Ltd., UK, mercury arc excitation, ﬁlter set
480–520 nm). Examples are shown in Fig. 1. The number of scars
on each cell could be identiﬁed. Both bud and birth scars were
clearly visible. Daughter cells had a distinct birth scar, bigger in size
than a bud scar but of relatively low ﬂuorescent intensity. Cells with
one bud scar were found to have the scar directly opposite the birth
scar (Fig. 1B). Two bud scars on a cell were beside one another
opposite the birth scar (Fig. 1C) whereas there seemed to be no
preferred pattern for cells with more than two scars (Fig. 1D). These
patterns have been observed previously (Freifelder, 1960).
It was possible to use these patterns to conﬁrm direct counts of
the number of scars.
The cells appeared to be prolate ellipsoids. The major and minor
axis lengths of the cells were measured using a QWin image
analyser (Leica Microsystems Ltd, UK) and the equivalent diameter
of each cell was calculated. The number mean equivalent diameter
of the whole population was calculated and compared with that
from the visualization chamber.
2.4.2. Fluorescence activated cell sorting (FACS)
WGA-Alexa488 stained yeast cells were sorted according to bud
scar number using a FACSAria2 Cell Sorter (BD Biosciences, UK).
Particles were excited with a 488 nm blue laser and ﬂuorescence
was detected using a 530/30 nm bandpass ﬁlter and 502 nm long-
pass mirror. Single cells were ﬁrst identiﬁed using forward scatter
and side scatter height-versus-width plots. These were than sorted
by ﬂuorescence intensity into four populations, corresponding to
daughter cells (low green ﬂuorescence, no bud scars), and cells with
one, two or three or more bud scars (increasing green ﬂuorescence).
Cells were sorted into PBS using the purity sort mode. Fluorescence
microscopy was used to check that each sorted group contained
mainly or entirely cells with the expected number of bud scars. The
purity of each group was determined by observing a random
selection of 50 cells in each case.Fig. 2. A typical transmission electron microscopy section of a yeast cell with a
wall approximately 200 nm thick (20,000).2.5. Cell wall thickness measurement by using transmission electron
microscopy (TEM)
Calculation of mechanical properties such as the cell wall
elastic modulus requires knowledge of the cell wall thickness.
This cannot be determined for individual cells during compres-
sion testing so a mean value is used, usually expressed as the ratio
of wall thickness to cell radius, t (Smith et al., 2000b). In this
study t was determined for cells with different numbers of bud
scars. Samples of sorted cells were incubated in 500 mL of 2.5%
glutaraldehyde primary ﬁxative solution for 2 h at room tem-
perature. Secondary ﬁxation was with 1% osmium tetroxide,
followed by sequential dehydration with ethanol and propylene
oxide and then resin embedding under vacuum. The embedded
cells were sectioned, re-stained with pure resin and photo-
graphed at magniﬁcations from 10,000 to 80,000 using a Jeol
1200 EX TEMSCAN (Jeol UK Ltd, Welwyn Garden City, UK). Cross-
sectional areas of the cytoplasm and wall of randomly chosen
cells were analysed using a QWin image analyser (Leica Micro-
systems Ltd, Milton Keynes, UK). A sample image is shown in
Fig. 2.
TEM sectioning cuts cells at random distances from the
equator and therefore the diameter and cell wall thickness
measured from the images must be corrected. In previous work
(Smith et al., 2000b; Stenson et al., 2011) the correction of Smithet al. (2000b) was used but this method has been questioned
recently for microcapsules (Mercade´-Prieto et al., 2011). A revised
method of obtaining the mean value of t was used in this study
and this is provided in the Supplementary information.2.6. Compression testing of yeast cells by micromanipulation
The basic principle of the micromanipulation technique is to
compress a single cell between two parallel and ﬁxed surfaces
until it bursts (Mashmoushy et al., 1998). The method followed
that of Stenson et al. (2011) in which cells are compressed
between a (50 mm diameter) glass probe and the bottom of a
glass chamber containing the cell suspension. The compression
speed was 68 mm s1. A 406A force transducer (Aurora Scientiﬁc
Inc., Ontario, Canada) was used to measure force during compres-
sion. This gave a better noise to signal ratio than the 403A
transducer used previously. The voltage output from the transdu-
cer was recorded by an Amplicon PCI 120 data acquisition card
(Amplicon Liveline Ltd., Brighton, UK) which has a resolution of
0.00488 V over a full scale of ca. 710 V. The data capture rate
was 1000 s1. The compliance of the transducer and probe was
10 mmmN1. Force versus time data were converted to force
versus probe displacement using the speed of compression and
then to force versus fractional deformation using the compliance
and the cell diameter. The latter could be found from the force
data. It was strictly the (initial) length of the minor axis of the cell,
although cells were treated as spherical in the analysis, as
discussed later. Fig. 3 shows typical compression data. The fast
compression rate and restricted data capture rate resulted in
relatively small data sets, although these were adequate for later
analysis. Twenty ﬁve cells could be characterised per hour and
each sample was characterised within 1.5 h of sampling.
In previous studies (Smith et al., 2000b; Stenson et al., 2009,
2011) it had been found that rehydrated, stationary phase yeast
cell walls were elastic up to failure (cell bursting). This was
conﬁrmed here to high fractional deformations by repeat
Fig. 4. A typical example of a best ﬁt of the mechanical model to experimental cell
compression data. The model was that of Stenson et al. (2009) in which it was
assumed that the cell wall material was linear elastic. Simulations of compressions
were done using the elastic modulus E and the initial stretch ratio ls as adjustable
parameters. Simulated and experimental force–deformation data were converted
to dimensionless form for ﬁtting using a least square method to ﬁnd the best ﬁt
(Stenson et al., 2009).
Fig. 3. A typical example of a force–deformation curve for a 5.1 mm yeast cell.
Compression speed 68 mm s1. Data capture rate 1000 s1.
Fig. 5. A typical example of a failed attempt to ﬁt the model of Stenson et al.
(2009) to cell experimental compression data. The initial stretch ratio ls was
permitted to take values from 1.00 to 1.30 in steps of 0.01 and the elastic modulus
E from 50 to 300 MPa in steps of 1 MPa. The best ﬁt was with ls¼1.30, which is a
physiologically unrealistic value.
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mation was observed (data not shown).
2.7. Modelling compression testing data
Force deformation data obtained from compression testing cannot
be used directly to estimate the elastic modulus of yeast cell walls.
An analytical model has been developed to describe the compression
of a single yeast cell between parallel ﬂat surfaces (Stenson et al.,
2009). In this model the cells are considered as liquid ﬁlled, thin
walled spheres compressed to bursting at such high compression
rates that water loss during compression might be neglected. The cell
wall material was assumed to be linear elastic i.e., to have a linear
elastic constitutive equation, although the model itself was non-
linear due to geometrical factors and the high strains and rotations
found in the wall during compression (Stenson et al., 2009). Using the
model, cell compression was simulated in MATLABTM (Mathworks
INC, USA) with two adjustable parameters i.e., the elastic modulus
and the initial stretch ratio. It was not possible to determine the latter
for individual cells during compression tests (for example by chan-
ging the osmotic pressure of the suspension as in Section 2.3) because
of equipment limitations and time constraints. The elastic modulus
and the initial stretch ratio were the adjustable parameters used in
previous work (Stenson et al., 2009, 2011). The governing equations
of the model were solved using the Runge–Kutta method with the
MATLAB ode45 solver (Wang et al., 2006; Stenson et al., 2009).
Assuming time independence, each simulation was solved as a series
of static equilibrium problems with increasing steps of probe
displacement i.e., cell deformation. Force–deformation data, whether
simulated using the model or found by experiment were converted
to dimensionless form to simplify the ﬁtting process (Smith et al.,
2000b; Stenson et al., 2009). A least square method was used to
choose the values of initial stretch ratio and elastic modulus that gave
the best ﬁt of model to experimental data. The semi-automatic ﬁtting
procedure was implemented in a MATLAB program. Although this
program could indicate the initial point of the compression
(when probe touched the cell), the bursting point and the point at
which the cell reached the chamber base, there was always manual
conﬁrmation or correction of these points before ﬁtting began.
This was necessary because of artefacts caused by noise. The key
points are shown for the example in Fig. 3 and the corresponding ﬁt
in Fig. 4.2.7.1. Fitting the model to experimental data
Although it appeared from control experiments that most if
not all cells were elastic up to bursting (no observations ofirreversible plastic behaviour), ﬁtting a model assuming a linear
elastic cell wall material failed on about 31% of the cells overall
and 68% of daughter cells. This was indicated by the initial stretch
ratio appearing to be outside the reasonable range of 1.00 to 1.15
determined by visualization chamber data, as shown later. Fig. 5
shows an example of such a failed attempt. In such cases the
quality of ﬁtting was not greatly improved by any physiologically
reasonable adjustment to the initial stretch ratio. Lacking a
suitable model using non-linear elastic cell walls, it was decided
to ﬁt the model only to those cells that showed linear elastic wall
behaviour to failure. The possibility of ﬁtting the model only to
low strain data (as has been done for plant cells; Wang et al.,
2006) was rejected, as there appeared to be no reliable method to
select the higher strain data to be excluded. The relatively fast
compression speeds and therefore low number of points in the
force deformation data exacerbated this situation by making the
ﬁtting parameters dependent on the amount of data included.
Where cells could be ﬁtted up to bursting, the failure criteria of
strain energy per unit wall volume and circumferential stress and
strain were found (Stenson et al., 2009).
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3.1. Cell viability
The stationary phase cells selected for compression testing had
a viability of about 98%. The viability of cells resuspended in PBS
remained as high as 95% after 3 weeks at 4 1C. This could reﬂect
the commercial source of the strain that may have been selected
for its stability. The robustness of this cell line makes it particu-
larly suitable for compression testing, which is a relatively slow
analytical technique. Nevertheless, all compression testing was
done within 48 h of cell harvest.
3.2. Cell sizes by Mastersizer
Mild sonication was effective in separating daughter cells from
budding mother cells, resulting in a signiﬁcant mean size reduc-
tion with time. After 30 s, less than 5% budded cells remained
with no signiﬁcant change in sample viability. Sonication for
longer than 30 s did not signiﬁcantly decrease the percentage of
budded cells but after 60 s cell viability decreased. The highest
number of single cells was at 30 s so this was the chosen protocol.
The volume distribution obtained from these cells was trans-
formed to a number distribution giving a mean value of 5.077
0.04 mm. This value did not change signiﬁcantly on cell storage
over 3 weeks at 4 1C.
3.3. Initial stretch ratios
Fig. 6 shows an example of data obtained from a visualization
chamber experiment allowing the initial stretch ratio of an
individual cell to be determined. The viability of cells ﬁxed to
the visualization chamber was approximately 80% immediately
after ﬁxation. The initial stretch ratio was only found for viable
cells. The mean initial stretch ratio found to be 1.1070.01 (95%
conﬁdence limits; 20 cells). This is higher than the value of
1.03370.008 found previously for the same strain (Stenson,
2008). However, in previous work the cells were rehydrated from
a dried state rather than cultured. It is quite likely that drying
causes signiﬁcant changes to yeast cell membranes and walls,Fig. 6. An example of visualization chamber data showing the change in volume
of a cell with changing external osmotic pressure (P). Below the point of zero
turgor the cells showed a linear decrease in volume with increase in external
osmotic pressure. The volume at zero turgor was taken to be V0. The volume of the
cell at the osmotic pressure of PBS i.e., under the condition of compression testing
was taken to be V. Eq. (1) was then used to ﬁnd the initial stretch ratio for that cell.with consequential effects on initial stretch ratios, although that
was not tested here. The initial stretch ratio for an individual cell
was as high as 1.15. The initial stretch ratio was independent of
cell diameter (data not shown).
The mean initial stretch ratio for the whole cell population was
also measured by Mastersizer and was found to be 1.0770.04
(95% conﬁdence limits; 104 measurements), reasonably consis-
tent with the visualization chamber data.
3.4. Fluorescent microscopy
Yeast cells were stained with WGA-Alexa 488 and ﬂuorescence
microscopy was used to measure bud scar number and size
(Table 1). In a mixed population, it was observed that approxi-
mately 50% of the cell population was daughter cells, 25% 1 scar
cells, 12.5% 2 scar cells and 12.5% the remainder. These ratios are
reasonable as the number of cells doubles with each division.
It should be noted that about half of the cells in stationary phase
cultures are daughter cells; cell age and culture time should not
be conﬂated.
The equivalent spherical diameter and aspect ratio increased
with the number of bud scars, consistent with earlier ﬁndings
(Powell et al., 2003). The mean equivalent spherical diameter was
found to be 5.1070.10 mm, after adjustment for the proportion of
cells of each type. This agrees well with the value from the
Mastersizer of 5.0770.04. The mean aspect ratio was found to be
1.1670.01, greater than 1.09 found earlier for rehydrated Fermi-
pan yeast cells (Smith et al., 1998). There was a signiﬁcant
difference between the mean equivalent spherical diameter of
mother cells and daughter cells, and also their mean aspect ratios.
3.5. Cell sorting by FACS
FACS was used to sort WGA-Alexa488 stained cells with 0, 1, 2,
and 3 or more bud scars according to ﬂuorescence intensity. The
purity of the daughter cell fraction was 100%, single-scarred cells
were found to be approximately 90% pure and two-scarred cells
were found to be approximately 65–70% pure. The impurities
were mainly partially-budded cells, which were discernable
during compression testing and could therefore be discarded.
The fraction with 3 or more bud scars was also 100% pure.
3.6. Cell wall thickness
The wall thickness of a cell cannot be measured in current
compression testing equipment. It was assumed by earlier work-
ers (Smith et al., 2000b; Stenson et al., 2011) and in this study
that the wall thickness (at zero turgor) is in a ﬁxed ratio, t, to
the cell radius. As in previous work, this ratio was determined
for the whole population by transmission electron microscopy,Table 1
Major and minor axis lengths of WGA-Alexa488 stained cells measured by
ﬂuorescent microscopy with respect to number of bud scars. The aspect ratio is
the ratio of the major to the minor axis length. One hundred cells per fraction; 95%
conﬁdence limits. (The population values were calculated assuming the unsorted
cells were 50% daughter cells, 25% 1 scar cells, 12.5% 2 scar cells and 12.5% cells
with 3 or more scars.)
Number of
bud scars
Major axis
length (mm)
Minor axis
length (mm)
Equivalent spherical
diameter (mm)
Aspect
ratio
0 4.770.2 4.170.1 4.370.1 1.1370.01
1 6.270.1 5.170.1 5.570.1 1.2170.01
2 6.770.2 5. 670.2 5.970.2 1.2070.02
Z3 7.570.1 6.470.1 6.870.1 1.1870.02
Population
mean
5.770.1 4.870.1 5.170.1 1.1670.01
Table 2
Corrected cell wall thickness and cell radius with respect to number of bud scars. (The population values were calculated assuming the unsorted cells were
50% daughter cells, 25% 1 scar cells, 12.5% 2 scar cells and 12.5% cells with 3 or more scars.)
Number of bud
scars
Number of cells
measured
t Measured cell
radius (mm)
Corrected cell
radius (mm)
Measured cell wall
thickness (nm)
Corrected cell wall
thickness (nm)
0 21 0.05770.004 1.970.1 2.370.1 220710 13175
1 19 0.04170.003 2.470.1 2.970.1 21176 11975
2 19 0.04770.005 2.370.1 2.970.1 230715 13475
Z3 12 0.02170.002 2.670.2 3.170.2 13575 6874
Population mean 0.04770.004 2.270.1 2.670.1 20979 12175
Table 3
Summary of cell size data by four measurement methods applied to the whole population. NA means that this measurement is not available for the speciﬁed method.
(Errors are 95% conﬁdence limits).
Method Mastersizer Fluorescence microscopy TEM Compression testing
Mean equivalent spherical diameter (mm) 5.0770.04 5.170.1 5.370.2 NA
Mean minor axis length (mm) NA 4.870.1 NA 4.870.1
Mean major axis length (mm) NA 5.670.1 NA NA
Table 4
Comparison of the mean minor axis length, the mean bursting force and the mean
% deformation at bursting for sorted yeast cells. (Errors are 95% conﬁdence limits).
Number of
bud scars
Number of cells
measured
Mean minor axis
length (mm)
% Deformation
at bursting
Bursting
force (mN)
0 24 4.170.2 5873 8178
1 55 5.170.1 5471 9574
2 59 6.070.1 5471 10476
Z3 63 6.770.1 4671 8076
Overall 201 5.770.1 5271 9173
R.D. Chaudhari et al. / Chemical Engineering Science 84 (2012) 188–196194independently to compression testing. In this study, the ratio was
found separately for each sorted cell fraction, as shown in Table 2.
This shows how t varied with the number of bud scars. There
were no signiﬁcant differences between the cell wall thicknesses
of cells with less than 3 bud scars, including daughter cells. Cells
with three or more bud scars showed low values of t and
relatively thin cell walls. However, given the low numbers of
such cells, these data may not be reliable. Overall, the correction
factor from measured to actual cell wall thickness was 0.57. (This
value has been adjusted for the proportion of cells in each fraction
by number of scars in the unsorted sample i.e., 50:25:12.5:12.5
for 0, 1, 2 and 3 or more scars, respectively). This is close to the
value of 0.6 presented by Smith et al. (2000b). The corrected
method of ﬁnding t (Supplementary information) has a small but
not negligible effect on calculated wall thickness. It should be
noted that both methods assume cells are spherical, which is not
quite correct in practice, as shown in Table 1. The effect of errors
or changes in wall thickness values on elastic modulus estimates
is discussed later. Table 3 summarises cell size data, as deter-
mined by Mastersizer, ﬂuorescence microscopy and TEM. Com-
pression testing data are also included and will be described later.
The values seem to be internally consistent.
3.7. Compression testing
Direct measurements obtained by compression testing are the
cell size, the bursting force and the deformation at bursting. The
cell size was a measure of the minor axis length of the generally
ellipsoidal yeast cells (because cells lie with their major axis
parallel to the horizontal base of the chamber). The values agreed
well with the direct measurement of the same parameter by
ﬂuorescence microscopy (Table 3). This suggests that the cell size
measured by compression testing is realistic.
In a preliminary trial, compression tests were conducted on
both stained and unstained cells (unsorted) to check for any effect
of staining on the mean bursting force and deformation at
bursting. No signiﬁcant differences were observed. This is con-
sistent with the fact that the stain cannot penetrate the yeast cell
wall due to its high molecular weight (Yamamoto et al., 1981) and
its speciﬁc binding to N-acetyl-D-glucosamine in bud scars
(Powell et al., 2003). It was reasonable to assume that differences
between mechanical properties of mother and daughter cells was
not an artefact of staining. Table 4 shows compression testing
data for each cell fraction. The cell size (mean minor axis length)gradually increased with the number of scars, which is consistent
with the observation that cells get larger as they age (Lesage and
Bussey, 2006; Powell et al., 2003). For all fractions, the bursting
force was independent of cell size (data not shown), conﬁrming
earlier ﬁndings for whole cell populations (Mashmoushy et al.,
1998; Smith et al., 2000b). The force at bursting was also in-
dependent of the number of bud scars. Meanwhile, the mean %
deformation at bursting gradually decreased with the number of
scars. The population means for the bursting force and the %
deformation at bursting were signiﬁcantly lower than previous
values found using rehydrated dried cells (Stenson et al., 2011),
even if allowance were made for the different proportions of each
type of cell in those measured here and the unsorted sample). This
might be because of differences in culture media (not known for
dried Fermipan) or might be an effect of drying on cell membranes
and walls.
The mean bursting force and the mean % deformation at
bursting were independent of storage time over 3 weeks at 4 1C
(data not shown).
Bursting force and deformation at bursting are not intrinsic
mechanical properties of yeast cells as they depend on factors
such as cell wall thickness. It is therefore necessary to model cell
behaviour mathematically to extract useful parameters, in parti-
cular the elastic modulus of the wall and some failure criteria, as
described in Section 2. The model was that of Stenson et al.
(2009). As described earlier, this previously successful model
could be ﬁtted to force deformation data up to cell bursting for
69% of cells overall and only 32% of daughter cells. Possible
explanations were that the cells were not spherical, as assumed
by the model, that the incompressibility assumption was violated,
and/or the cell walls were not linear elastic to cell bursting.
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drated Fermipan yeast cells of previous work (Stenson, 2008) and
is even less correct for the cultured cells of this study, with a
population mean aspect ratio of 1.16 (Table 1). Although it was
not possible to measure cell aspect ratios during compression
testing (because of poor quality images), force–deformation
traces give values of the minor diameters of cells. The mean
values were similar for those cells to which the model could be
ﬁtted and for the remainder i.e., 4.870.1 mm (Table 3) against
4.770.1 mm, respectively. It was concluded that non-sphericity
was probably not the cause of model failure. Nevertheless, there
might have been effects from this on model parameter estima-
tion. However, it is arguable that the initial shape becomes of
lesser signiﬁcance at high deformations, when the cell wall is very
stretched in all tangential directions.
It is difﬁcult to measure hydraulic conductivity of yeast cells
directly and this was not attempted but compression testing
showed no signiﬁcant difference in mean elastic modulus or
mean initial stretch ratio for compression speeds of 68 mm s1
and above. This agrees with the ﬁndings of Stenson et al. (2011)
for Fermipan. If the incompressibility assumption was invalid,
changes with compression speed might be expected. Further-
more, it seems unlikely that the cultured cells of this study were
more permeable than the rehydrated Fermipan yeast cells of
previous work (Stenson, 2008). The incompressibility assumption
seems reasonable in the circumstances.
It was eventually hypothesised that some cell walls were
probably not linear elastic. It is not clear why this would be nor
why daughter cells were a particular problem in this respect.
However, it is known that (small) daughter cells do not contain
detectable amounts of chitin (Schekman and Brawley, 1979) and
are not stained by Calcaﬂuor White (De Nobel et al., 1990) nor
labelled by WGA-gold (Shaw et al., 1991). Perhaps this is the basis
of the difference in elastic behaviour. In any case, it is remarkable
that any natural material shows linear elastic behaviour over the
very large deformations, as has been shown for the majority of
cells studied in this work, previously for other cultured cells
(Smith et al., 2000b) and for rehydrated Fermipan yeast cells
(Smith et al., 2000b; Stenson et al., 2009, 2011).
Considering only those cells which could be modelled success-
fully, the elastic modulus and the stretch ratio of the walls were
found from the model (Table 5). It can be seen that the mean
elastic modulus for the cells that could be analysed was
300720 MPa (201 cells, 95% conﬁdence limits) whilst the mean
initial stretch ratio was 1.0570.01. There was an expected
variability in the mean elastic moduli and the value for cells
with three or more scars is as unreliable as the cell wall thick-
ness estimate upon which it was based, as described earlier.
The important distinction with respect to scars was againTable 5
Mean wall elastic moduli and mean initial stretch ratios for yeast cells separated
by number of bud scars. The population values were calculated assuming the
unsorted cells were 50% daughter cells, 25% 1 scar cells, 12.5% 2 scar cells and
12.5% cells with 3 or more scars.
Number of
bud scars
Number
of cells
modelled
% Non-linear
elastic cells
Mean elastic
modulus
(MPa)
Mean initial
stretch ratio
Surface
modulus
(Nm1)
0 24 67 170720 1.0770.01 1973
1 55 23 290720 1.0470.01 2972
2 59 20 190710 1.0570.01 2672
Z3 63 12 460730 1.0470.01 3072
Mother
cells only
177 18 320720 1.0570.01 2971
Overall 201 43 300720 1.0570.01 2871
Population – – 230720 1.0670.01 2472between daughter and mother cells i.e., those without a bud scar
or those with any number of scars. The mean elastic modulus was
lower for daughter cells (170720 MPa, 24 cells) with a higher
mean initial stretch ratio (1.0770.02, 24 cells) than for mother
cells (320720 MPa and 1.0470.01 for 177 cells). The differences
were signiﬁcant at the 5% level. These data suggest that bud scars
make yeast cell walls stiffer, which is consistent with atomic force
microscopy measurements showing that scars are signiﬁcantly
stiffer than normal yeast cell walls (Touhami et al., 2003).
However, each bud scar only occupies around 1–2% of the cell
surface and one might not expect the effect on global cell wall
properties to be large. Furthermore, there does not seem to be an
identiﬁable dependence of the modulus on the number of scars.
An alternative explanation is that daughter cells contain no
detectable chitin in their walls, as mentioned earlier, whereas
walls of mother cells contain 0.1% to 0.2% chitin (dry weight)
excluding scars and up to 2% including scars (Klis et al., 2002). It is
possible the chitin has a signiﬁcant effect on the wall mechanical
properties even at apparently low levels. It is not possible to
decide this matter from the information available in this study.
It should be noted that it may be more appropriate to use a
surface rather than the elastic modulus to describe the mechan-
ical properties of the cell wall (Smith et al., 2000b; Stenson et al.,
2011). The surface modulus is the product of the elastic modulus
and the cell wall thickness and appears directly in the model, with
the elastic modulus found from it using a mean wall thickness
(Stenson et al., 2009). The difﬁculty of measuring accurately cell
wall thicknesses supports the use of the surface modulus as a
more reliable measure. However, it is not clear if the surface
modulus has any relevance to cell disruption. Nevertheless, the
values are given in Table 5. Once again it may be seen that the
crucial distinction is between daughter and mother cells with the
latter having signiﬁcantly higher surface moduli on average.
The bursting force given in Table 4 is not an intrinsic
mechanical property of the cells, as its value will depend on the
compression method. For the 69% of cells that could be ﬁtted to
bursting assuming a linear elastic cell wall, it was possible to
calculate failure criterion such as the stresses and strains at
failure. The model showed that the stresses and strains were
highest in the circumferential direction at the equator and it was
therefore assumed that cell bursting was controlled by these
parameters. The principal circumferential Hencky strains and
Cauchy stresses at the equator were calculated (Stenson et al.,
2009, 2011) as shown for each type of cell in Table 6. It can be
seen that the mean circumferential strain at bursting decreased
with scarring (consistent with stiffer walls) whilst the stress
increased (0.3770.04 and 8678 MPa, respectively for daughter
cells; 0.2770.01 and 10975 MPa, respectively for mother cells).
Overall it appears that bud scars make yeast cell walls stronger as
well as stiffer. As one might have expected some stressTable 6
Circumferential stress and strain at failure and strain energy per unit volume at
failure. Errors are 95% conﬁdence limit.
Number of
bud scars
Number
of cells
modelled
Circumferential
stress at failure
(MPa)
Circumferential
strain at failure
Strain energy
per unit
volume at
failure (MPa)
0 24 8678 0.3770.04 1973
1 55 11075 0.2970.02 1772
2 59 7874 0.2970.01 1271
Z3 63 13878 0.2370.01 1772
Mother cells
(with scars) 177 10975 0.2770.01 1671
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inﬂuence on the strength might be chitin in mother cell walls.
Besides the presence of bud scars on some cells, lack of cell
sphericity (Table 1) implies the cell walls are not isotropic and
homogeneous, which is an assumption of the model. It is clear
that this model assumption was usually violated in practice.
Nevertheless, the modelling has allowed signiﬁcant differences
between the mechanical properties of mother and daughter cells
to be identiﬁed and suggests strongly that the number of scars on
mother cells is not an important determinant of those properties.
This needs further investigation. One possibility would be the
further use of ﬁnite element analysis that would allow the easy
incorporation in the modelling of non-linear elastic cell wall
behaviour and non-sphericity of cells. It might also be possible
to incorporate or at least investigate the role, if any, of bud scars
in the overall stiffness and strength of the walls.4. Conclusion
Compression testing by micromanipulation on FACS sorted
Baker’s yeast cells has indicated for the ﬁrst time that there is a
difference in mechanical properties of daughter and mother yeast
cells. It is not clear if this was a direct effect of the scars, which are
stiffer than normal cell wall (Touhami et al., 2003), or because
normal mother cell walls contain chitin (Takagi et al., 1983). The
latter explanation is favoured here (without direct evidence).
Cell sorting by FACS is a useful method for investigating yeast
cell wall mechanics and Alexa Fluor 488 conjugated WGA results
in clear staining of scars to allow such sorting. However, the
current model of yeast cell compression is not adequate for
cultured yeast cells, despite its earlier success (Stenson et al.,
2011), because cultured cells are not spherical and some show
non-linear elastic cell wall behaviour. Other methods such as
ﬁnite element analysis will be required for further investigations.Notation
V Cell volume mm3
V0 Cell volume at zero turgor mm3
ls Initial stretch ratio
t Ratio of cell wall thickness to cell radiusAcknowledgements
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